Metabolic reprogramming is a feature of cancer cells and crucial for tumor growth and metastasis. Interferon-γ (IFNγ) is a cytokine that plays a pivotal role in host antitumor immunity. However, little is known about the roles of metabolic reprogramming in immune responses. Here, we show that colon cancer cells reprogram metabolism to coordinate proper cellular responses to IFNγ by downregulating mitochondrial pyruvate carrier (MPC)1 and 2 via STAT3 signaling. Forced overexpression of MPC promote the production of reactive oxygen species and enhance the apoptosis induced by IFNγ in colon cancer cells. Moreover, inhibiting STAT3 sensitize the antitumor efficacy of IFN-γ against colon cancer cells. Our findings present a previously unrecognized mechanism that colon cancer manipulate to resist IFNγ mediated antitumor immunity that have implications for targeting a unique aspect of this disease.
Introduction
IFNγ is considered to be a main effector of cancer immunosurveillance that suppresses tumor cell growth and induces tumor cell apoptosis [1] [2] [3] . However, clinical use of IFNγ to treat tumors has failed due to severe side effects and its relative inefficacy [4, 5] . Prior studies on tumor cell escape from IFNγ-mediated immune-surveillance focused on mutations in the IFNγ receptor IFNGR or the transcription factor STAT1 [6] [7] [8] [9] . Few studies have elucidated the mechanism by which IFNγ mediates changes in the epigenetic or transcriptomic landscape in tumor cells [8, 10] . Metabolic reprogramming is a feature of cancer cells that facilitates tumor growth and metastasis [11] [12] [13] . However, an oncogene-centric explanation of metabolic reprogramming does not fully consider the requirements of different cancer cells to adapt their metabolic requirements to respond to diverse environments. However, little is known about how IFNγ induces metabolic reprogramming in cancer cells and regulates key aspects of metabolism in cells, such as glycolysis. Previous work has reported that key enzymes or transporters regulate and catalyze glycolysis [14] . Mitochondrial pyruvate carriers, composed of two members (MPC1/2) are identified transporters that regulate glycolysis and the TCA cycle by controlling the entry of pyruvate into mitochondria [15, 16] . Previous studies have shown that mitochondrial pyruvate carriers (MPCs) are associated with cancer progression, and dysregulation may lead to a poor prognosis in many cancers [17, 18] . However, the mechanism of MPCs dysregulation and interaction with other factors in the tumor microenvironment has not yet been investigated.
In this study, we discovered a novel mechanism through which downregulation of MPCs in cancer cells blunts the adverse effects of IFNγ and reduces ROS production and apoptosis. STAT3-dependent inhibition of this downregulation improves IFNγ antitumor activity.
Methods and materials

Animals and Cell lines
Female C57BL/6 mice (4-6 weeks old) were purchased from HFK Bio-Technology. Co., LTD (Beijing, China). All procedures involving mice and experimental protocols were approved by the Animal Care and Use Committee of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China). For all animal work, experimental groups were randomized and included at least six mice per group. Animal studies were blinded during data analysis. Mouse colon cancer cell lines MC38, C26 and human tumor cell lines SW480 (colon cancer), CaCO-2 (colon cancer), MCF-7 (breast cancer) and A375 (melanoma) were purchased from the China Center for Type Culture Collection (Beijing, China) and cultured in RPMI1640 medium (Gibco, USA) with 10% FBS.
Plasmids and Reagents
Murine mpc1 and mpc2 and human MPC1 and MPC2 cDNAs were purchased from Sino-Biological (Beijing, China). The cDNAs were amplified and cloned into the viral vector pLVX-IRES-ZsGreen and pLVX-IRES-mcherry(Clontech) to produce pLVX-MPC1-Zsgreen and Plvx-MPC2-IRES-mcherry. The SoNar plasmids was a gift from Prof. Yi Yang (East China University of Science and Technology) [19] . Pspax2, pVSV-G were purchased from Addgene. STAT1 inhibitor Fludarabine and STAT3 inhibitor Stattic were purchased from Selleck Chemicals. Puromycin and lipo2000 were purchased from Invitrogen. Murine and human IFNγ were purchased from Peprotech. Polybrene,collagenase IV, lactate, sodium pyruvate and hyaluronidase were purchased from Sigma. MPC1 (D2L9I) and MPC2 (D4I7G) Rabbit mAb were purchased from Cell Signaling Technology (Boston, USA).
Additional reagents information, methods and data are available in the supplementary materials.
Statistics analysis
All experiments were performed at least three times. The results are expressed as the mean ± s.e.m and were analyzed by Student's t-test. A p-value < 0.05 was considered statistically significant. All data met the assumptions of the tests. Analyses were conducted using the Graphpad Prism 6 software.
Results
IFNγ induces downregulation of MPC1 and MPC2 in colon cancer
We analyzed mRNA expression in colorectal cancer samples (N = 333) from the TCGA database and found that the expression of MPC2 was inversely correlated with the mRNA levels of IFNγ (Fig. 1A) . As we known, MPC1 and MPC2 worked as a heterodimer to import pyruvate into mitochondria [15, 17] . So, we also analyzed the correlation between MPC1 and MPC2 and found that the expression of MPC1 and MPC2 was highly positively correlated (Fig. 1A) . Although we did not find statistically significant correlation between the expression of IFNγ and MPC1, the overall trend between IFNγ and MPC1 was inversely correlated (Fig. 1A) . We then treated the murine colon cell lines MC38 and C26 and human colon cell lines SW480 and CaCO-2 with IFNγ for 48 h. Consistent with our TCGA analysis, we found that the mRNA and protein levels of both MPC1 and MPC2 were downregulated in the four colon cancer cell lines (Fig. 1B and C) . Downregulation of MPC1/2 might influence glycolysis and showed changed glucose uptake and lactate secretion. After we tested the glucose and lactate levels in the medium of the murine and human colon cancer cell lines, we found that glucose uptake in the MC38 and SW480 lines was significantly reduced after the IFNγ treatment (Fig. 1D ). However, lactate secretion was significantly increased in MC38, but not in SW480, which might be attributed to a significant decrease in glucose uptake in SW480 tumor cells. In the C26 and CaCO-2 cell lines, IFNγ treatment did not induce a significant decrease in glucose uptake, but the levels of lactate were significantly increased (Fig. 1D ). Based on previous results, we sought to clarify the in vivo relationship between the MPC1/2 and IFNγ. We found that the IFNγ treatment significantly reduced the mRNA and protein levels of MPC1/2 in tumors tissues ( Supplementary Fig. 1A and B). We tested the effects of IFNγ on other types of tumors and found that IFNγ downregulated MPC1/2 in the breast cancer cell line MCF-7 and human melanoma cell line A375 ( Supplementary Fig. 1C ). Together, these data suggested that IFNγ played an important role in regulating MPC1/2 expression in tumor cells.
Downregulation of MPC1/2 attenuates IFNγ-induced apoptosis
To elucidate the biological significance of MPC1/2 downregulation after IFNγ treatment, we constructed stable cell lines that over-expressed both MPC1 and MPC2 simultaneously (MPC1/2) ( Fig. 2A) .
Metabolic reprogramming in cancer cells not only facilitates proliferation and determines the epigenetic landscape but also helps control apoptosis [13, 14] . We hypothesized that the downregulation of MPC1/ 2 might influence the apoptosis of cancer cells upon IFNγ treatment. It has been reported that IFNγ mainly induces tumor cell death via activating Caspases, which mainly include Caspase3 and Caspase7 [20, 21] . Therefore, we examined the effects of IFNγ on the activation of Caspase 3 and 7 in MPC1/2-overexpressing MC38 or CaCO-2 colon cancer cells. We found that IFNγ activated Caspase 3 and 7 in vector-infected MC38 or CaCO-2 colon cells, while the activation was largely increased in cancer cells overexpressing MPC1/2 (Fig. 2B) . We then used flow cytometry-based methods to determine the effect of IFNγ and MPC1/2 on apoptosis. As expected, we found that IFNγ induced more apoptosis in MPC1/2 overexpressing MC38 and CaCO-2 cells than in their vectorinfected counterparts (Fig. 2C) . Taken together, these data suggested that MPC1/2 downregulation reduce apoptosis induced by IFNγ.
3.3. Downregulation of MPC1/2 ameliorates apoptosis via inhibition of the production of reactive oxygen species MPC1/2 is involved in regulating the rate of glycolysis and oxidative phosphorylation, which helps maintain the redox balance [17, 18] . Excess ROS can damage cellular components or result in cell death After treated vector and MPC1/2 overexpressing MC38 and CaCO-2 cells with PBS or IFNγ (50 ng/ml) for 48 h, the cell lysates were extracted and the levels of full lenghth Caspase 7 (CAS7) and Caspase 3 (CAS3) and cleaved Caspase 7 (C-CAS7) and cleaved Caspase 3 (C-CAS3) were detected by western-blot and β-actin was used as internal control. (C) Vector and MPC1/2 overexpressing MC38 and CaCO-2 cells were treated with PBS or IFNγ (50 ng/ml) for 48 h, then these cells were trypsinized and stained with Annexin-V and 7-AAD. The overall apoptosis was detected with flow cytometry. Data shown are representative of three independent experiments and error bars represent mean ± s.e.m.; *p < 0.05, (Student's t-test). [22, 23] . Therefore, we sought to clarify the biological significance of MPC1/2 downregulation in ROS production in tumor cells treated with IFNγ. We examined the effects of IFNγ on the total ROS production, GSSG/GSH ratio, NADP/NADPH ratio, γH2AX and effect of N-acetylcysteine (NAC) on apoptosis in normal and MPC1/2 overexpressing MC38 and CaCO-2 colon cancer cells. We found that IFNγ only moderately increased total ROS production in normal MC38 and CaCO-2 colon cells, while IFNγ treatment increased ROS production in cancer cells overexpressing MPC1/2 (Fig. 3A) . We also found that the GSSG/ GSH and NADP/NADPH ratios were largely increased in MPC1/2 overexpressing MC38 and CaCO-2 cancer cells compared with normal cancer cells after IFNγ treatment (Fig. 3B and C) . Consistent with the previous results, we also found that IFNγ treatment moderately increased the γH2AX level and overexpression of MPC1/2 largely enhanced the level of γH2AX (Fig. 3D) . Then, we used the antioxidant NAC to determine the effects of ROS on apoptosis in IFNγ treated MC38 or CaCO-2 cells overexpressing MPC1/2. As expected, treatment with NAC protected cells from apoptosis ( Supplementary Fig. 2A ). The addition of NAC similarly suppressed Caspase 3 and 7 activation in cells overexpressing MPC1/2 treated with IFNγ (Fig. 3E) . Pentose phosphate pathway (PPP) is critical for redox balance by generating cellular NADPH [24] . We hypothesized that downregulation of MPC1/2 promote the shuttling of glycolytic substrates through PPP to maintain redox balance. We therefore examined the level of Glucose-6-phosphate (G6P), intermediates required for PPP, in IFNγ treated cells and found that cells overexpressing MPC1/2 showed decreased G6P levels compared with those of normal cells (Fig. 3F) . Meanwhile, MPCs might directly influence the metabolic state between pyruvate and lactate, resulting in the changes of intracellular NAD+/NADH ratio and redox status. In addition, the NAD+/NADH ratio could also been used to reflect the ratio between lactate and pyruvate [25] . We next used SoNar, a genetic sensor to detect the intracellular NAD+/NADH ratio [19] . We found that IFNγ treatment largely decreased the NAD +/NADH ratio in MPCs overexpressing cells whereas a slight rise in Fig. 3 . Downregulation of MPC1/2 ameliorates apoptosis via inhibition of the production of reactive oxygen species. (A) After treated vector and MPC1/2 overexpressing MC38 and CaCO-2 cells with IFNγ (50 ng/ml) for 48 h, the cells were trypsinized and stained with CellROX™ and detected the overall ROS level with flow cytometry. (B-D) After treated vector and MPC1/2 overexpressing MC38 and CaCO-2 cells with PBS or IFNγ (50 ng/ml) for 48 h, the cell lysates were extracted, (B) the levels of GSH, GSSG were detected with kit and ratio of GSSG and GSH was calculated. (C) the Levels of NADP, NAPDH were detected with kit and ratio of NADP and NADPH was calculated. (D) γH2AX level was detected with western-blot and β-actin was used as internal control. (E) After treated vector and MPC1/2 overexpressing MC38 and CaCO-2 cells with IFNγ (50 ng/ml) or IFNγ (50 ng/ml) combined with N-acetylcysteine (NAC,10 mM) for 48 h. The cell lysates were extracted and the levels of full lenghth Caspase 7 (CAS7) and Caspase 3 (CAS3) and cleaved Caspase 7 (C-CAS7) and cleaved Caspase 3 (C-CAS3) were detected by western-blot and β-actin was used as internal control. (F) After treated vector and MPC1/2 overexpressing MC38 and CaCO-2 cells with PBS or IFNγ (50 ng/ml) for 48 h, the cell lysates were extracted and the level of G6P was detected with kit. Data shown are representative of three independent experiments and error bars represent mean ± s.e.m., N.S., no significant difference; *p < 0.05, **p < 0.01(Student's t-test).
vector control cells (Supplementary Fig. 2B ), suggesting that IFNγ treatment alone did not induce drastic change in the ratio between lactate and pyruvate. Interestingly, lactate and pyruvate could inversely affect the NAD+/NADH ratio. To further confirm the effect of lactate and pyruvate in IFNγ treatment, we added lactate and pyruvate to the culture medium and treated with IFNγ. As expected, pyruvate could attenuate the apoptosis in IFNγ treated MPCs overexpressing cells while lactate could enhance apoptosis in both vector control cells and MPCs overexpressing cells under IFNγ treatment (Supplementary Fig. 2C ). Decreased NAD+/NADH ratio would affect the electron transport chain and more importation of pyruvate into the mitochondria would lead to enhanced oxidative phosphorylation, both processes would arrive in mitochondria ROS production, and we also found that IFNγ could induce more ROS production in mitochondria in MPCs overexpressing cells (Supplementary Fig. 2D ). Together, These findings suggested that downregulation of MPC1/2 reduce ROS production to facilitate the resistance of tumor cells to apoptosis induced by IFNγ.
IFNγ induces MPC1/2 downregulation via stat3 activation
Next, we explored the molecular mechanisms underlying the downregulation of MPC1/2 induced by IFNγ. IFNγ mainly functions through activation of the Janus kinase/signal transducer and activation of transcription that depends on the transcription factors STAT1 and STAT3 [26, 27] . Both transcription factors activate a myriad of downstream genes that include key metabolic enzymes. We therefore examined the effects of IFNγ on MC38 and CaCO-2 cells and found that both STAT1 and STAT3 were activated, as indicated by increased phosphorylation (Fig. 4A) . To confirm their role in MPC1/2 regulation, we treated cells with the STAT1 inhibitor Fludarabine or STAT3 inhibitor Stattic. We found that inhibiting STAT1 had little effect on MPC1/2 mRNA and protein expression in MC38 and CaCO-2 cells Tumor growth was measured (n = 6). Data shown are representative of three independent experiments and error bars represent mean ± s.e.m., N.S., no significant difference; *p < 0.05, **p < 0.01, ***p < 0.001 (Student's t-test).
treated with both IFNγ and the inhibitors. However, inhibiting STAT3 partially reversed MPC1/2 expression, indicating that STAT3 plays an important role in downregulating MPC1/2 ( Fig. 4B and Supplementary  Fig. 3A-B) . We also found that IFNγ treatment combined with inhibiting STAT3 largely impaired lactate production in MC38 and CaCO-2 cells, while inhibiting STAT1 did not have the same effect (Fig. 4C) . We further tested STAT3 inhibition on ROS and apoptosis. As expected, inhibiting STAT3 boosted ROS production and apoptosis induced by IFNγ in both MC38 or CaCO-2 cells (Fig. 4D and E) . Meanwhile, we found that combination treatment led to a decreased NAD+ /NADH ratio and more ROS production in mitochondria which was consistent with former results (Supplementary Fig. 3C-D) . Moreover, we also found that combined treatment of the STAT3 inhibitor Stattic and IFNγ was more effective at reducing tumor growth in vivo than treatment with either alone (Fig. 4F) . Taken together, these data suggested that IFNγ downregulated MPC1/2 via stat3 activation in colon cancer cells and STAT3 inhibitor enhanced the therapeutic effects of IFNγ against cancer cells.
Discussion
Although great progress has been made to elucidate the adverse effects of IFNγ on tumor cells. Little work has been done to illustrate the intracellular signaling feedback mechanisms employed by cancer cells to counteract the adverse effects induced by IFNγ. IFNγ treatment induces drastic changes in metabolic profiles. In this regard, our work elucidated that limiting ROS production by modulating glycolysis is a mechanism that is used by tumor cells to resist IFNγ. The regulatory mechanisms of MPC1/2 in tumor cells were not clearly identified and were predicted to be regulated either in an autonomous mechanism or by aberrant activation of oncogenes or loss of function of tumor suppressor genes. In our study, we identified that the downregulation of MPC1/2 was not autonomous but was instead induced by IFNγ secreted into the tumor microenvironment. Although the expression of MPCs varies among different individuals, it is significant negative correlation with the overall survival in different cancers, including lung cancer, colon cancer, esophageal cancer, and prostate cancer [17, 28] . Furthermore, downregulation of MPCs is related to stemness and tumor progression. Due to the heterogeneity of the tumor, the same tumor mass contains different subpopulations, which possesses different mold of metabolism, thereby facilitating another method to survive and progress. Therefore, MPC is one of the most promising targets for the treatment of cancer. Our work also revealed an unrecognized mechanism through which STAT3 promotes cancer cell survival. In line with this result, we formulated a new combinational therapy that includes IFNγ and the STAT3 inhibitor Stattic, which showed a strong therapeutic effect against cancer cells.
Conclusions
In this study, we presented a previously unrecognized mechanism that colon cancer manipulate to resist IFNγ mediated antitumor immunity and enhanced mitochondrial pyruvate transport by upregulating MPC1/2 could elicit a redox imbalance to sensitize the antitumor efficacy of IFN-γ in colon cancer. Our findings may have implications for targeting a unique aspect of this disease.
